diandric because two sex reversals can occur during the life of a single individual (i.e., male to female to male), the marbled swamp eel is considered diandric because it is believed that two types of individuals exist, representing two independent types of male, with one type being a lifetime, non-hermaphroditic (gonochoristic) male and the other type being a protogynous hermaphrodite.
Sex-allocation theory provides some explanation of sex reversal in terms of recognizing inherent population characteristics that foster gender plasticity (Allsop & West, 2003; Charnov, 1982) . The general idea is that sex change is favoured when (i) the reproductive fitness of an individual is closely related to its age or size, and (ii) this relationship is different between the sexes (e.g., differences in mate-finding probability, social dominance, or considerations related to the volumetric packing of eggs and sperm within a size-structured spawning stock).
Regardless of cause, switching to a sex that has higher reproductive fitness would increase the individual's lifetime reproductive potential, and thus its total potential fitness. Conversely, changing the size/age structure through fishing may diminish any fitness advantages brought about by this capability, and may even alter fundamental life history parameters, introducing additional complexity into the management process (Grift, Rijnsdorp, Barot, Heino, & Dieckmann, 2003; Hamilton et al., 2007; Watson, Anderson, Kendrick, Nardi, & Harvey, 2009 ). The present study investigates the dynamics of sex reversal in the marbled swamp eel, and relates this topic to the prospect of managing species with plastic sex-allocation capabilities.
| MATERIALS AND METHODS

| Sampling
Eel sampling was carried out on a monthly basis from July, 2013 to July, 2014 in the Marechal Dutra Reservoir (6°26′24″S; 36°38′00″W), located in northeastern Brazil. Eels were captured with the help of local fishermen, who used artisanal traps, locally known as "covos".
The eel traps were made from sheets of tin and were tube-shaped, with the tube closed at one end and an inverted funnel serving as an entrance at the other end. The traps were baited with prawns and tied into groups of two. Traps were left overnight at the bottom of the reservoir. The following morning, captured eels were individually numbered, weighed and measured to obtain morphometric information that was used to confirm taxonomic identity (Britski et al., 1999) .
| Morphological and histological changes during sex reversal
Stages of gonad maturity were determined using a macroscopic staging system. The macroscopic characteristics used for sex differentiation were based on the external morphology of the gonads, such as the size, form, coloration, presence of blood vascularization, presence of visible oocytes and the amount of coelomic space occupied by the gonads. The gonads of mature females and transitional individuals selected for histological procedures (n = 40) were fixed in Bouin solution for 12-24 hr, washed for 24 hr in water, and preserved in 70% ethyl alcohol. The ovaries were later embedded in paraffin wax, sectioned at 3-5 μm thickness, and stained with Harris hematoxylin and eosin (Smith, Sansom, & Repetski, 1996) . In order to avoid possible variation in the developmental stage of oocytes due to their position within the ovaries, histological examinations were carried out on sections from the anterior (cephalic), middle (central), and posterior (caudal) regions of ovaries from different developmental stages. Comparison of these regions indicated the mid-section of the ovary was representative of oocyte maturation throughout the ovary (Yoshida, 1964) . Subsequently, only a central transverse section was prepared for each gonad (n = 40). Gonad maturation was determined using a compound microscope coupled with a video camera and computer monitor. Oogenesis staging terminology followed Wallace and Selman (1981) and Brown-Peterson, Wyanski, Saborido-Rey, Macewicz, and Lowerre-Barbieri (2011).
The proportions of the different sex types were calculated using the total number of individuals captured. Variations in sex ratio were analyzed using the chi-square (χ 2 ) test at a significance level of p < .05.
| Length-weight relationship
Total length (TL ± 1 cm) and total body weight (W ± 1 g) of fish were recorded. The total length-weight relationships of females and secondary males were estimated from the equation log W = log a + b log L, where W is total body weight, L is total length, a is the intercept, and b is the slope of the linear regression (Jobling, 2002) . Log-log plots were generated to remove outliers (Froese, 2006) , and 95% confidence limits for anti-log a and b were calculated for females and secondary males. A t test was performed to confirm whether b departed from the isometric value 3. A single weight-length equation (W = aL b ) was fitted to estimate the value of coefficient b using data obtained from all individuals collected (Froese, 2006) .
| Age and growth estimation through otolith analysis
Initially, all pairs of otoliths (lapilli, sagittae and asterisci) were removed from fish. The sagittae were selected as most suitable for age analysis based on annulus resolution quality and the regularity of microstructural patterns. Only the right sagittae were used for age analysis (Campana, 1990) . A total of 52 right sagittal otoliths from primary males (n = 3), females (n = 33), transitional individuals (n = 8), and secondary males (n = 8) were analyzed at the College of Marine Science, University of South Florida, USA, according to the methods of Chilton and Beamish (1982) . All otoliths were read at 40× magnification using a stereomicroscope coupled with a video camera and computer monitor. For initial readings, the first opaque ring was identified and the completeness of the last opaque ring (the marginal increment) was checked. Only fully formed rings were considered in the counts. Three readings of otoliths were performed by three different readers and an average of the three readings was calculated.
Marginal increment ratio (MIR) analysis was used to determine the seasonal period of annulus formation. The MIR was estimated using the following formula: MIR = (R − R n )/(R n − R n−1 ), where R is otolith radius, R n is the radius of the last complete zone, and R n−1 is the radius of the penultimate complete zone (Haas & Recksiek, 1995) . The adjustment in the accuracy of readings was performed according to the calculation of average percent error established by Beamish and Fournier (1981) . The growth curve and associated parameters were determined by nonlinear fit to the von Bertalanffy
, where L t is length at age t, L ∞ is maximum length, k is the growth coefficient, and t 0 is time at hatching.
| RESULTS
| Sex-type composition
The entire collection of Synbranchus marmoratus (n = 288 individuals) was composed of primary males (born as males and functionally male; n = 18), functional females (n = 197), transitional individuals (both male and female gonadal tissues present; n = 30), and secondary males (former females; n = 43). Primary males ranged 18-32 cm TL The aging procedure identified six age classes ( Figure 5 ). The age of primary males ranged from 0.5 to 1 year, females ranged from 1 to 2 years, and transitional individuals ranged from 3 to 4 years ( Table 1) .
Sex reversal occurred at an age of 3 to 4 years within the length range of 28-48 cm. Secondary males were older and larger, with age varying from 4 to more than 5 years, and were the only represented in the largest length class (58-68 cm, Figure 5 and Table 1 ). The von Bertalanffy model indicated a relatively slow growth rate for all sex types combined ( Figure 6 ).
| Morphological and histological changes during sex reversal
Females had an unpaired, single, long and cylindrical ovary with rounded edges. The unpaired ovaries of young females were translucent, ribbon-like, and occupied a space less than 1/3 of the coelomic cavity. In the maturing stage, the ovary was larger, well irrigated by blood vessels, and was reddish to deep-pink in colour. The mature ovary was large, occupying almost all the available space of the coelomatic cavity, and was yellowish-orange in colour, with large oocytes visible throughout the entire ovary.
The ovary of mature females was devoid of the medular zone and was covered by túnica albuginea consisting of conjunctive tissue and blood vessels. In the ovigerous lamellae, either germinative cells or oocytes in different phases of development were present.
The ovarian stroma partly consisted of a prominent extravascular space at the periphery of the developing oocytes. The vitellogenic oocytes had large quantities of yolk globules, the nucleus was smaller than in earlier stages, the nucleolus was randomly distributed, and the zona pelucida was narrow. In the ovary of mature functional females, atretic vitellogenic oocytes were observed with a characteristic irregular outline and detached zona pelucida, and the nucleus was disorganized and had begun migrating towards the periphery. 
| DISCUSSION
| Sex transition and ovarian maturation
If interpreted in isolation, the data in Figure 1 could support the existence of either (i) a combination of gonochoristic males and protogynous individuals (scenario 1), or (ii) individuals that transition from male to female to male (scenario 2). However, when interpreted with age data, as in Figure 5 , support for the presence of two types of individuals (scenario 1) strengthens, suggesting there is only one sex transition in this species (i.e., transition from protogynous female to male).
This supports the sex allocation pattern attributed to Synbranchus marmoratus by Lo Nostro and Guerrero (1996).
The present study also confirms that during the process of sex reversal, adult female S. marmoratus undergo several, specific internal changes where the ovarian tissue is completely replaced by male tissue. In some labrids, the process of sex reversal occurs in individuals prior to sexual maturity (Carruth, 2000) . The gonads of transitional individuals are very characteristic because they have a relatively predictable disorganization in gonad architecture, mass degeneration of female germ cells, the presence of melano-macrophagic centers and invasion of interstitial tissue by male germ cells. In the later phases of transition, cysts containing spermatogonia appear at the edges of the ovigerous lamellae, which give rise to spermatozoids. A similar histological pattern was also found in the Asian swamp eel, Monopterus albus (Liem, 1963) . The presence of melano-macrophages observed during the transition phase of S. marmoratus (related to the absorption Primary males
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T A B L E 1 Age-class composition of primary males, females, secondary males, and transitional individuals of Synbranchus marmoratus collected from July 2013 to June 2014, Marechal Dutra reservoir, northeastern Brazil F I G U R E 6 Von Bertalanffy growth curve for Synbranchus marmoratus collected during the period July, 2013, to June, 2014, from Marechal Dutra reservoir, northeastern Brazil (same specimens as in Figure 5 , n = 52). All sex types are combined (three primary males, 33 females, eight transitional individuals, and eight secondary males). The regression (black line) was fit to mean total lengths for each of six age classes (age-class means are plotted as symbols, with values in parentheses; n = 6, R 2 = .94, slope p < .05) and removal of tissue and cellular debris) has also been observed by others (Asoh, 2005; Sadovy & Shapiro, 1987) . The transition phase is characterized by the presence of both oocytes and spermatogenic tissue as well as atresia of vitellogenic oocytes in protogynous hermaphrodites (Brown-Peterson et al., 2011) . This was confirmed in the present study. In transitional individuals, the sex reversal is characterized by the gradual decrease in female activity and degeneration of ovarian germ cells. At the end of this process, there is an increase in spermatogenic activity, and secondary males become the end products of the sex reversal. Similar cellular structures were encountered in other protogynous, diandric species such as the damselfishes Dascyllus trimaculatus (Asoh & Kasuya, 2002) , D. carneus (Asoh & Yoshikawa, 2003) and D. flavicaudus (Asoh, 2004) .
The morphological characteristics of S. marmoratus female germ cells in various development stages were described in an earlier study based on measurements of ovarian follicle diameters (Spadella, de Castilho-Almeida, Quagio-Grassiotto, & Cesario, 2005) . Their observations showed that it was possible to group oocytes by stages according to histological characteristics but not according to morphometric diameter, as there was a wide variation in diameter in each stage and overlap between different maturation stages.
| Age at sex reversal
The present study suggests that sex transition of female S. marmoratus occurs at 3-4 years of age. Sex ratios shifted from exclusively female individuals at age-2 to predominantly transitional individuals by age-3.
As such, the sex transition in S. marmoratus is related to age, maturity, and body size of the females (Figures 2, 5 and 6 ). The transitional-stage individuals had gonads that contained both degenerating ovarian tissue and developing testicular tissue, further undermining the idea that primary males may transition to females (scenario 2 above). The secondary males were the largest and oldest individuals (age-5 year class) in the population. Petracchi and Guerrero (1999) reported finding an 11-year-old specimen of S. marmoratus. This 11-year-old was likely exceptional; in the present study, no individuals older than 5+ were found.
| Implications for management
Protogynous and protandrous fishes are more susceptible to overfishing because they need to reach an appropriate size for sex reversal, and if fishing pressure does not permit individuals to reach this size, then the entire stock could be threatened by gamete limitation (Alonzo & Mangel, 2004; Beets & Friedlander, 1999) . Diandric species such as Synbranchus marmoratus present an even more complex management challenge, as it is known that fish will alter fundamental life history traits in response to size-selective mortality, such as that brought about by fishing (Grift et al., 2003; Hamilton et al., 2007; Watson et al., 2009 1996) . Such apparently large differences in sex allocation could be due to differences in growth rate, differences in size/age distribution (possibly through selective fishing), or differences in the social organization of the two populations (Edwards, 1998; Vicentini & Araújo, 2003) . In addition, there also appear to be location-specific differences in the maximum body length for this species in different parts of this species' range. The maximum recorded body length for S. marmoratus is 100 cm (Britski et al., 1999) , although most studies describe populations of smaller individuals. In the present study, the secondary males (the largest sex type) measured 60-68 cm. In the Alto Uruguai River, Brazil, S. marmoratus upper lengths were reported to be shorter, ranging 33-49 cm (Oliveira & Zaniboni-Filho, 2009 ). In the hydrographic basin of Tibagi River, Brazil, individuals were described as having a mean length of 59 cm (Shibatta, 2003) , which would indicate the Tibagi River fish attained relatively large sizes.
Management decisions based on length and age at maturity of females should more appropriately focus on the size and age at sex transition when dealing with species that have complex and potentially plastic sex allocations, and all sex types should be included in estimates of spawning stock biomass. Moreover, if size/age distributions and sex allocations vary among locations (or over time within locations), then the practice of protecting sequential hermaphrodites from overexploitation becomes an even more complex challenge that requires a substantially larger amount of reproductive information than required for managing non-hermaphroditic species. There is currently no general theory that can be used as guidance while developing a spatial management plan for hermaphroditic fishes, although models that respond to size-specific fishing mortality have been recently developed by Easter and White (2016) . Through a combination of morphological, histological, and otolith-based analyses, we have confirmed the presence of small, short-lived males (primary males) in S. marmoratus. The presence of small, primary males in diandric species, when coupled with variation in size and age at sex transition, further complicates management of hermaphroditic species, and renders conventional fisheries regulation based on size at protogynous-female maturation ineffective (Grandcourt, Al Abdessalaam, Francis, Al Shamsi, & Hartmann, 2009 ).
